Escherichia coli RNase T, an RNA-processing enzyme and a member of the DEDD exonuclease superfamily, was examined using sequence analysis and site-directed mutagenesis. Like other DEDD exonucleases, RNase T was found to contain three conserved Exo motifs that included four invariant acidic residues. Mutagenesis of these motifs revealed that they are essential for RNase T activity, indicating that they probably form the RNase T catalytic center in a manner similar to that found in other DEDD exonucleases. We also identified by sequence analysis three short, but highly conserved, sequence segments rich in positively charged residues. Site-directed mutagenesis of these regions indicated that they are involved in substrate binding. Additional analysis revealed that residues within the C-terminal region of RNase T are essential for RNase T dimerization and, consequently, for RNase T activity. These data define the domains necessary for RNase T action, and together with information in the accompanying article, have led to the formulation of a detailed model for the structure and mechanism of action of RNase T.
Escherichia coli RNase T, an RNA-processing enzyme and a member of the DEDD exonuclease superfamily, was examined using sequence analysis and site-directed mutagenesis. Like other DEDD exonucleases, RNase T was found to contain three conserved Exo motifs that included four invariant acidic residues. Mutagenesis of these motifs revealed that they are essential for RNase T activity, indicating that they probably form the RNase T catalytic center in a manner similar to that found in other DEDD exonucleases. We also identified by sequence analysis three short, but highly conserved, sequence segments rich in positively charged residues. Site-directed mutagenesis of these regions indicated that they are involved in substrate binding. Additional analysis revealed that residues within the C-terminal region of RNase T are essential for RNase T dimerization and, consequently, for RNase T activity. These data define the domains necessary for RNase T action, and together with information in the accompanying article, have led to the formulation of a detailed model for the structure and mechanism of action of RNase T.
RNase T is one of eight exoribonucleases present in Escherichia coli (1) . It belongs to the DEDD exonuclease superfamily, characterized by common motifs containing four invariant acidic residues, which in DNA polymerases were shown to form the exonuclease active site (2) . RNase T plays an important role in stable RNA metabolism in E. coli, including tRNA end turnover (3) and 3Ј maturation of many stable RNAs (4 -7). RNase T proteins are closely related to the proofreading domains/ subunits of bacterial DNA polymerases (2, 8) , and, interestingly, E. coli RNase T also displays strong DNA exonuclease activity (9, 10) .
Although the substrates of RNase T in vivo share a common sequence feature consisting of a stable, double-stranded (ds) stem followed by a few unpaired 3Ј nucleotides, RNase T actually is a single-strand-specific exoribonuclease that acts in the 3Ј-to-5Ј direction in a non-processive manner (11) . However, whereas other E. coli exoribonucleases stop several nucleotides downstream of an RNA duplex, RNase T can digest RNA up to the first base pair, although it slows as it approaches the duplex structure. The presence of a free 3Ј-hydroxyl group is required for the enzyme to initiate digestion (11) .
Homogeneous RNase T has been prepared from both normal and overexpressing cells (12, 13) . The enzyme forms a homodimer in vitro and in vivo, and formation of the dimer seems to be required for it to function (14) . Some residues needed for dimerization have been identified, as well as the importance of hydrophobicity in the dimerization process (13, 14) .
In this study, we investigate in detail structure-function relationships in RNase T using a combination of sequence analysis and site-directed mutagenesis. Our data indicate that the conserved acidic residues, as well as several other residues at the DEDD signature motifs, are important for RNase T catalytic activity, consistent with a common catalytic mechanism for all DEDD members. In addition, we also identified three other conserved sequence segments (the nucleic acid binding sequence (NBS) 1 segments), containing a high level of positively charged residues in RNase T orthologs. Kinetic analyses of the corresponding mutants suggest that the basic residues of the NBS segments are involved in nucleic acid-binding. Finally, we have shown that the C-terminal region of RNase T is important for RNase T dimerization and, consequently, for activity. These data identify residues needed for RNase T action and provide essential information for the development of a detailed model of RNase T action presented in the accompanying article (15) .
EXPERIMENTAL PROCEDURES
Materials-Restriction endonucleases, T4 polynucleotide kinase, and T4 DNA ligase were obtained from New England Biolabs. Calf intestine alkaline phosphatase was purchased from Promega. [␥-32 P]ATP (6000 Ci/mmol) was from PerkinElmer Life Sciences. Sequagel, for single nucleotide resolution analysis, was purchased from National Diagnostics. The QIAEX II gel extraction kit was purchased from Qiagen Inc. The RNase T substrate, tRNA-C-C- [ 3 H]A, was prepared by [ 3 H]A incorporation into tRNA-C-C using tRNA nucleotidyltransferase and [ 3 H]ATP as described previously (12) . DNA oligonucleotides were synthesized by the DNA Core Facility of our department. Ultrogel AcA44 was from Amersham Biosciences. The gel filtration calibration kit was from Pharmacia. Peroxidase-labeled anti-rabbit IgG and the ECL substrate were from Amersham Biosciences. All other chemicals were reagent grade.
RNase T Activity Assay-RNase T reactions were carried out under buffer conditions containing 20 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 50 mM KCl, and 5 mM dithiothreitol. Sonicated cell extracts were prepared as described previously (16) and were used for all activity measurements. Reaction mixtures were incubated at the indicated temperature for 5 min. For tRNA substrates, acid-soluble radioactivity was determined (12) , whereas when the tetranucleotide, dA4, and the dinucleotide, dA2, were used as substrates, reactions were stopped with 2 volumes of loading buffer containing 96% formamide and 1 mM EDTA, and the reaction products were analyzed by denaturing polyacrylamide gel electrophoresis on a 22.5% gel. Quantitative data were obtained * This work was supported by National Institutes of Health Grant GM16317. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed. (17) . The DNA oligonucleotides used for site-directed mutagenesis are listed in Table I . The wild type rnt gene was PCR-amplified using the T5P and T3P primers, and the resulting product was cloned into the SacI and BamHI sites of plasmid pUC18 to generate plasimid pUT18. To facilitate site-directed mutagenesis, three more restriction sites, for NgoMI, BspEI, and NheI, were introduced into the pUT18 plasmid by silent mutations using the DNA primers shown in Table I . All mutant rnt clones were generated in the pUT18 plasmid by PCR, and all the mutations were confirmed by DNA sequencing. The pUT18-based constructs were also used to overexpress RNase T in CAN20-12ET Ϫ cells that lack endogenous RNase T.
Gel Filtration of Cell Extracts and Detection of RNase T-Cells were grown in yeast-tryptone medium to an A 550 Ϸ 1, and S100 fractions or sonicated cell extracts were prepared as described previously (16) . Columns of Ultrogel AcA44 were pre-equilibrated at the temperatures indicated in Fig. 2 with an elution buffer containing 20 mM Tris-HCl, pH 7.5, 5 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 1 M KCl, and 10% glycerol. Fractions were collected, and the elution of RNase T was determined by a dot-blot assay using RNase T antibody coupled with a peroxidase-labeled second antibody (13) .
RESULTS

Sequence Analysis of RNase T-The sequence of E. coli
RNase T is closely related to that of the proofreading domains/ subunits of bacterial DNA polymerases, such as the ⑀ subunit of DNA polymerase III (Dp3E/DnaQ protein in E. coli) (2, 8) . Shown in Fig. 1 is a multiple sequence alignment of RNase T orthologs from a number of completed genome sequences. Also included are the Dp3E orthologs from the corresponding genomes for comparison. Like all other DEDD family members, the Exo motifs, especially the invariant acidic residues in these motifs common to all DEDD members, are also conserved in the RNase T orthologs. The three highly conserved Exo motifs are labeled ExoI, ExoII, and ExoIII in Fig. 1 . RNase T orthologs are highly homologous to each other, with generally more than 50% sequence identity. Thus, besides the Exo motifs, there are many other highly conserved sequence segments among RNase T orthologs. Of these, the most prominent are three conserved, positively charged regions specific for the RNase T orthologs but absent from the bacterial DNA polymerase IIIs. They are labeled NBS1, NBS1, and NBS3, because, as will be shown, they cluster to form a nucleic acid-binding site. The selection of residues for site-directed mutagenesis in this study was based on multiple sequence alignments, such as those shown in Fig.  1 . Our focus has been on conserved residues at the Exo motifs, the NBS segments, and the putative dimerization interface.
Mutating DEDD Signature Motifs Results in Loss of RNase T Activity-To determine whether the invariant acidic and other residues present within the Exo signature motifs in RNase T actually are important for activity, several of these residues were mutated to alanines. Similar levels of RNase T overexpression were observed for the wild-type protein and for each of the mutant proteins based on Western blot analysis (data not shown). RNase T activity was assayed in cell extracts using tRNA-C-C- [ 3 H]A as substrate (Table II) . Other than D125A, all mutations in the DEDD signature motifs (D23A, E25A, H120A, D150A, H180A, and D186A) resulted in a dramatic reduction (Ն95%) of RNase T activity compared with the wild-type protein. Kinetic analyses with several of the mutants indicated that the alanine substitutions generally lead to an increase of only a 2-3-fold in K m , suggesting that catalysis rather than substrate binding is probably the major factor accounting for the inability of the mutant proteins to remove the terminal A residue from tRNA. We conclude from these data that this set of amino acid residues, common to all DEDDh members (2, 8) , is essential for RNase T activity. Interestingly, the aspartate residue at position 125 seems to be less important for RNase T activity. In the exonuclease domain of Klenow fragment DNA polymerase (18, 19) , the residue corresponding to Asp 125 (Asp 424 ) is known to coordinate with one of two divalent metal ions through two water bridges, leading to stabilization of the transition state and to the departure of the oxyanion from the group during catalysis. Detailed structural information will be required to explain why Asp 125 is of reduced importance in RNase T.
NBS Segments Are Important for RNase T Activity against tRNA-Based on sequence analysis, the NBS sequence segments are characteristic for RNase T proteins. These segments 
AAAGGATCCTCAGCCTCCCAGACG
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are rich in positively charged arginine and lysine residues, raising the possibility that they may form a nucleic acid-binding site. To investigate whether the NBS segments might participate in substrate binding, alanine substitutions were made for several of the arginine and lysine residues individually and in combination. As shown in Table III , mutations of residues within each NBS segment result in reduction of RNase T activity. Except for R13A, which is essentially inactive, individual alanine substitutions lead to ϳ3-7-fold reductions in activity, whereas multiple substitutions lead to cumulative defects in activity under usual assay conditions. In contrast to the mutations in the DEDD motifs, the NBS mutant proteins, especially the multiple mutants, have greatly elevated K m values for tRNA, but essentially no alterations in V max . The increased K m values probably result from weakened RNase T binding of the tRNA substrate upon alanine substitution for the basic residues in the NBS segments. Earlier work (13) showed that for RNase T, the K m value for tRNA is near its binding constant. NBS1 residue Arg 13 seems to differ from the other single mutants in that mutant R13A displays extremely reduced RNase T activity. In fact, R13A is the most inactive of all the RNase T point mutations made. This finding suggests that Arg 13 plays an important role in RNase T action and may affect not only substrate binding but also RNase T catalysis. We will return to this point in the accompanying article (15) .
NBS Mutations Have Little Effect on RNase T Activity against Short Oligonucleotides-To further examine the role FIG. 1. Alignment of RNase T orthologs and close homologs.
The sequence alignment was generated using ClustalX (20) with minor manual editing. Sequences of the RNase T (RNT) orthologs are those present in completed bacterial genomes. Also included are orthologs of the DNA polymerase III ⑀ subunits (DP3E) from the same genomes. All sequences are from the NCBI non-redundant protein sequence data base, and their accession numbers are: RNT_ECOLI, G266952; RNT_SALTY, G16419954; RNT_YERPE, G15980378; RNT_VIBCH, G14548237; RN-T_HAEIN, G1173107; RNT_PASMU, G13431828; RNT_BUCAI, G11387052; RNT_PSEAE, G14548235; RNT_XYLFA, G9107281; DP3E_ECOLI, G118805; DP3E_SALTY, G16763647; DP3E_YERPE, G16121383; DP3E_VIBCH, G9656792; DP3E_HAEIN, G1169396; DP3E_PASMU, G15601971; DP3E_BUCAI, G11132278; DP3E_PSEAE, G15597013; DP3E_XYLFA, G9107294. Some of the highly conserved residues are colored as follows: red, invariant DEDD acidic residues; green, other conserved residues in the Exo motifs; blue, NBS basic residues; black, a highly conserved tryptophan in the putative dimerization domain. Indicated between the RNT and DP3E blocks are the three conserved EXO motifs (red) common to both the RNT and DP3E sequences and the RNT-specific NBS segments (blue). Labeled on top are the residues that were examined by site-directed mutagenesis.
TABLE II Effect of mutations at DEDD signature motifs on RNase T activity
Assays were carried out as described under "Experimental Procedures" using sonicated extracts prepared from CAN20 -12ET Ϫ cells containing plasmid pUT18 with the indicated mutations. Twenty g of tRNA-C-C- [ 3 H]A substrate were used in 50-l reaction mixtures. Results are expressed as the percentage of wild-type activity with each plasmid. The values shown are the average of at least two independent experiments, each carried out in duplicate. Kinetic constants were estimated using Lineweaver-Burk plots. ND, not determined. of NBS segments in substrate inding and catalysis, the RNase T activity of several NBS mutants was also assayed using very short oligonucleotides as substrates. We reasoned that if the NBS residues were distant enough from the catalytic center, they might be required for action on tRNA, but not for the binding of very short substrates. The DNA oligonucleotides dA4 and dA2 were used for these studies rather than RNA oligonucleotides because DNA substrates have considerably lower K m values (10, 11) . As shown in Table IV , for NBS1 mutant R15A and the NBS2/NBS3 triple mutant K108A/R112A/K139A, alanine substitutions have virtually no effect on RNase T activity against the short oligonucleotides, in contrast to the major loss in activity when tRNA was the substrate (Table III) . These findings support the conclusion that the NBS basic residues contribute little to the binding of short oligonucleotides at the RNase T active site, even though they are essential for binding of long substrates, such as tRNAs. These data further support the idea that the reduced RNase T activity of NBS mutants using tRNA as substrate is most probably caused by weaker substrate binding, not reduced catalysis.
The C-terminal Region of RNase T Is Essential for RNase T Dimerization-Earlier work suggested that formation of an
RNase T homodimer is required for RNase T to function (13, 14) . Comparison of various protein structures of DEDD domain-containing proteins suggests that the very C termini of the DEDD domains are all directly involved in the interfacial interactions between domains or subunits. Involvement of the C terminus may also be true for dimerization of RNase T, as suggested by the structural modeling described in the companion article (15). This conclusion was also supported by a mutation near the C terminus (G206S) that was shown previously to affect RNase T dimerization (14) . To further confirm the direct involvement of the C terminus of RNase T in its dimerization, we mutated the last tryptophan residue to an alanine (W207A). A second mutant, W207Stop, lacking the last nine residues at the C terminus, was also generated. These two RNase T mutant proteins were each examined for their dimerization status using gel filtration run at different temperatures.
As shown previously (14) , wild-type RNase T elutes as a single peak at the dimer position corresponding to 43 kDa over a wide range of temperatures (20°and 37°C are presented here). In contrast, the W207Stop mutant protein elutes at the monomer position even at 10°C, the lowest temperature tested (Fig. 2) . A similar result was also observed for the W207A mutant (data not shown). Earlier work had shown that low temperature promotes dimerization (14) . These data support the conclusion that the C terminus of RNase T is essential for RNase T dimerization.
C-terminal Mutations Lead to Temperature-sensitive RNase T Activity-Further evidence for the involvement of C-terminal residues in dimerization comes from the temperature-sensitive Ϫ cells carrying plasmid pUT18 with either wild-type or W207stop mutant RNT genes were analyzed. 400 l of cell extract (ϳ0.5 mg/ml) was applied to an Ultrogel AcA44 column (60 ϫ 1 cm) pre-equilibrated with elution buffer (20 mM Tris-HCl, pH 7.5, 5 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 10% glycerol, and 1 M KCl) at the temperatures indicated below. Samples were adjusted to 1 M KCl before loading. Fractions of 0.63 ml were assayed for RNase T protein by immunoblotting as described under "Experimental Procedures." Shown are the amounts of RNase T protein (arbitrary densitometric units) in fractions from the gel filtration column. Ⅺ, wild type at 37°C; f, wild type at 20°C; ‚, W207Stop at 20°C; OE, W207Stop at 10°C. 32 P-labeled. Assays were carried out under standard conditions using sonicated extracts prepared from CAN20 -12ET
Ϫ cells containing plasmid pUT18 with the indicated mutations. The amount of cell extract used for each substrate was adjusted with sonication buffer so that only 10 -20% of the original substrate was digested. Reaction products were resolved on 22.5% denaturing polyacrylamide gels, and quantitative data were obtained with a PhosphorImager (Amersham Biosciences). Kinetic constants were determined using Lineweaver-Burk plots. nature of the activities of the W207A and W207Stop mutants (Table V) . Thus, compared with wild type RNase T activity, the W207A mutant activity changes from about 2% at 45°C to 34% at 25°C, and the W207Stop mutant activity increases from 8% at 45°C to about the same level as the wild type at 25°C. These data initially were surprising because, as shown above, both the W207A and the W207Stop mutant proteins should exist as monomers at all of these temperatures and, as shown previously (14) , there is a direct correlation between RNase T activity and its dimerization status. The most likely explanation is that the presence of tRNA substrate during the assay stabilizes the dimer form of the mutant enzymes and that this substrateassisted dimerization is more effective as the temperature is lowered. In fact, tRNA has previously been shown to stabilize a dimerization mutant against temperature inactivation (13, 14) .
DISCUSSION
Although RNase T is an important enzyme for various aspects of RNA metabolism, it was also found to act on singlestranded DNA substrates in vitro (9, 10) . Among the DNA exonuclease activities found in E. coli, the RNase T DNase activity is most similar to the activity of the proofreading subunit of DNA polymerase III (10) . Both activities act in the 3Ј-to-5Ј direction on single-stranded DNA in a non-processive manner, releasing 5Ј mononucleotides as the product. In fact, RNase T is a close homolog of the DNA polymerase III proofreading subunit (2, 8) ; both proteins belong to the DEDD exonuclease superfamily (2) . The proteins of the DEDD superfamily contain a characteristic core composed of four invariant acidic residues embedded within three highly conserved sequence motifs, which were shown in DNA polymerases to form the exonuclease active site (18, 19) . The studies described here, in which mutations in residues of the DEDD signature regions of RNase T dramatically reduce its activity, suggest that RNase T exploits the same chemistry for nucleic acid degradation as other DEDD exonucleases.
RNase T orthologs share a high degree of sequence identity. Besides the highly conserved DEDD signature motifs, RNase T orthologs contain other common sequence features, namely, the highly positively charged NBS sequence segments, shown in Fig. 1 . These regions distinguish RNase T from DNA polymerase III. Alanine substitution of basic residues within the NBS segments led to reduced RNase T activity against tRNA substrates and increased K m values. These results lead to the suggestion that the NBS segments are required for binding of tRNA substrates. In contrast, mutation of the NBS regions generally does not affect RNase T activity against short oligonucleotide substrates, suggesting that most NBS residues are at some distance from the catalytic center. However, one NBS1 mutation, R13A, strongly affects RNase T activity against both long and, as will be shown in the accompanying article, short substrates. Thus, NBS residues seem to extend from the vicinity of the catalytic center, where they would bind the 3Ј end of the substrate, to regions in which they would stabilize binding of long substrates, such as tRNA. Early studies found that purified RNase T was strongly inhibited by elevated ionic strength (12) , suggesting that charge interactions probably play an important role in RNase T action. This would be expected if basic residues within the NBS regions were involved in nucleic acid binding.
In addition to the catalytic center and substrate-binding sites, we have also shown that the C terminus of RNase T is important for RNase T dimerization and, consequently, for its activity. It is not yet clear how the C-terminal residues that affect dimerization are related to residue Cys 168 , which was shown previously to participate in RNase T dimerization (13, 14) . Earlier work showed that formation of a homodimer is required for RNase T to function (14) . One possibility is that the NBS substrate binding sites and the DEDD catalytic centers from two different subunits complement each other to form a fully functional active site through dimerization. Consistent with this explanation, the dimerization-defective mutant C168S has essentially unaffected tRNA binding, even at a temperature at which it is a monomer (13) . Further evidence supporting the conclusion that functional RNase T arises from catalytic and substrate-binding residues contributed by the two separate monomers will be presented in the accompanying article (15) .
